We previously showed that two thyroid hormone receptor (TR) isoforms -TRa1 and TRb1 -differentially regulate thyroid hormone (triiodothyroxine, T 3 )-stimulated adipogenesis in vivo. This study aims to understand the role of the nuclear receptor corepressor, NCoR1, in TR isoform-dependent adipogenesis. We found that T 3 -stimulated adipogenesis of 3T3-L1 cells was accompanied by progressive loss of NCoR1 protein levels. In 3T3-L1 cells stably expressing a mutated TRa1, PV (L1-a1PV cells), the T 3 -stimulated adipogenesis was more strongly inhibited than that in 3T3-L1 cells stably expressing an identical mutation in TRb1 (L1-b1PV cells). The stronger inhibition of adipogenesis in L1-a1PV cells was associated with a higher NCoR1 protein level. These results indicate that the degree of loss of NCoR1 correlates with the extent of adipogenesis. siRNA knockdown of NCoR1 promoted adipogenesis of control 3T3-L1 cells and reversed the inhibited adipogenesis of L1-a1PV and L1-b1PV cells, indicating that NCoR1 plays an essential role in TR isoformdependent adipogenesis. An ubiquitin ligase, mSiah2, that targets NCoR1 for proteasome degradation was upregulated on day 1 before the onset of progressive loss of NCoR1. NCoR1 was found to associate with mSiah2 and with TR, TRa1PV, or TRb1PV, but a stronger interaction of NCoR1 with TRa1PV than with TRb1PV was detected. Furthermore, TRa1PV-NCoR1 complex was more avidly recruited than TRb1PV-NCoR1 to the promoter of the C/ebpa gene, leading to more inhibition in its expression. These results indicate that differential interaction of NCoR1 with TR isoforms accounted for the TR isoform-dependent regulation of adipogenesis and that aberrant interaction of NCoR1 with TR could underlie the pathogenesis of lipid disorders in hypothyroidism.
Introduction
Thyroid hormone (triiodothyroxine, T 3 ) plays a critical role in the regulation of thermogenesis and maintenance of lipid homeostasis. T 3 deficiency in hypothyroidism leads to increased body weight and cold intolerance. Excess T 3 in hyperthyroidism reduces plasma low-density lipoprotein cholesterol, lipoproteins, and triglycerides and leads to weight loss. T 3 acts via binding to thyroid hormone receptors (TRs), which are members of the nuclear receptor superfamily. TRs are ligand-dependent transcription factors encoded by two different genes, THRA and THRB, to give rise to T 3 -binding TR isoforms, a1, b1, b2, and b3. TRs regulate transcription by binding to the thyroid hormone response elements (TREs) in the promoter regions of T 3 target genes (Cheng 2000) .
We previously created two knockin mutant mice by targeting an identical mutation (denoted as PV) to the Thra gene (Thra1 PV mouse) (Kaneshige et al. 2001) or the Thrb gene (Thrb PV mouse) (Kaneshige et al. 2000) at the corresponding C-terminus. The PV mutation, identified in a patient with resistance to thyroid hormone (RTH), is due to a C-insertion at codon 448 of the TRb1 that leads to complete loss of T 3 binding activity and transcription activation capacity (Parrilla et al. 1991 , Meier et al. 1992 . The Thra1 PV mouse displays a lean phenotype, partly owing to the reduction in white adipose tissue (WAT) mass (Ying et al. 2007) . Though no abnormality in the WAT of Thrb PV mice was detected, the liver of Thrb PV mice was enlarged with excess accumulation of lipids. These observations indicate that TRa1 and TRb1 differentially regulate lipid metabolism in vivo (Ying et al. 2007 , Araki et al. 2009 ). Subsequently, using the model cell line of adipogenesis, we found that 3T3-L1 cells stably express equal abundance of TRa1PV (L1-a1PV) or TRb1PV (L1-b1PV) (Mishra et al. 2010) , but the T 3 -stimulated adipogenesis is more severely impaired in L1-a1PV than in L1-b1PV cells. The expression of two master regulators, the peroxisome proliferator-activated receptor g (Pparg) and CCAAT/enhancer-binding protein a (C/ebpa), is more repressed in L1-a1PV than in L1-b1PV cells (Mishra et al. 2010) . The studies indicated that TR isoforms have intrinsic differential roles in the differentiation and maturation of preadipocyte 3T3-L1 cells. However, the mechanism of these intrinsic differential roles in adipogenesis is not well understood.
The nuclear receptor corepressor, NCoR1, is a TR interacting protein that mediates ligand-independent inhibition of gene transcription for positively regulated T 3 target genes (Horlein et al. 1995) . In the absence of T 3 , NCoR1 is recruited by TRs to mediate transcription repression (Cohen et al. 2001 , Astapova et al. 2009 ). In the presence of T 3 , however, NCoR1 is released and coactivators are recruited for the gene activation (Perissi et al. 2010) . Thus, transcription repression by NCoR1 plays a critical role in the gene regulatory activity of TRs (Perissi et al. 2010) . Studies have indicated that aberrant interaction of NCoR1 with TRb mutants, leading to its impaired dissociation from TR by T 3 , is implicated in the pathogenesis of RTH (Yoh et al. 1997, Yoh and Privalsky 2000) . Moreover, the fact that NCoR1 plays a role in adipogenesis of 3T3-L1 cells was demonstrated by Yu et al. 2005 in which the recruitment of NCoR1 by the unliganded PPARg, the master of adipogenesis, leads to the repression of its transcriptional activity, thereby impairing adipogenesis of 3T3-L1 cells.
In view of these findings, we hypothesized that NCoR1 could differentially interact with the unliganded TR isoforms to regulate TR isoform-dependent adipogenesis. The availability of 3T3-L1 cell lines stably expressing either TRa1PV (L1-a1PV cells) or TRb1PV (L1-b1PV cells) (Mishra et al. 2010 ) allows us to test this possibility. Indeed, we found that in control 3T3-L1 cells that express wild-type TRs, T 3 -stimulated adipogenesis was accompanied by progressive loss of NCoR1 protein. The downregulation of NCoR1 depended on the TRs and the ubiquitin ligase mSiah2. A more severe impairment of T 3 -stimulated adipogenesis in L1-a1PV cells than in L1-b1PV cells was associated with a stronger inhibition of the degradation of NCoR1 in L1-a1PV than in L1-b1PV cells. NCoR1 was more resistant to mSiah2-mediated degradation when associated with TRa1PV than with TRb1PV. This study indicates that the differential interaction of TR isoforms with NCoR1, at least in part, underlies the TR isoform-dependent regulation of adipogenesis.
Materials and methods

3T3-L1 cell lines stably expressing TRa1PV or TRb1PV
Establishment of 3T3-L1 cell lines stably expressing mutant TRa1PV or TRb1PV was previously described (Ying et al. 2007 ). The expression of TRa1PV or TRb1PV protein was verified by western blot analysis using anti-Flag mouse monoclonal antibody (M2, 0 . 5 mg/ml, F-3165, Sigma Co.), anti-TRb1 antibody (C4, 1 mg/ml (Bhat et al. 1995) ), or monoclonal anti-PV antibody (#302, 2 mg/ml (Zhang et al. 2002) ).
Lentiviral transduction in 3T3-L1 cells
A plasmid set expressing NCoR1 siRNA was purchased from Open Biosystems (Huntsville, AL, USA). The NCoR1 lentiviral stock was prepared at the NIH in-house facility (Frederick, MD, USA). Infection of 3T3-L1 cells with the NCoR1 lentiviruses was performed in serum-free DMEM medium for 12 h at 37 8C at a defined multiplicity of infection (MOIs) after preliminary testing. The medium was removed and replaced with fresh medium supplemented with puromycin at concentrations between 0 . 75 and 5 . 0 mg/ml for 2 days. After 48 h, cells were expanded in 6-well plates for the induction of differentiation.
Induction of adipocyte differentiation
Adipocyte differentiation was induced as described previously (Ying et al. 2007 , Mishra et al. 2010 . Briefly, the 3T3-L1 cells were maintained in DMEM with 4 . 5 g/l glucose, 10% calf serum, and penicillin-streptomycin at 5% CO 2 . After cells reached confluence, they were treated with 1 mM dexamethasone and 0 . 5 mM 3-isobutyl-1-methyl xanthine in the presence or absence of 2 nM T 3 for 60 h. Thereafter, the cells were fed every other day with DMEM containing 10% resin-stripped fetal bovine serum with or without 2 nM T 3 until being analyzed for matured adipocytes stained by Oil Red-O or harvested for other analyses. Quantification of the staining intensities was carried out by drying the stained plates, adding 10 ml isopropanol per 10-cm dish or 0 . 8 ml isopropanol per 3 . 5-cm dish and reading at OD 510 against the control using a stained dish without cells.
RNA extraction and quantitative real-time PCR
On days 1, 2, and 6 after induction of differentiation, total RNA from 3T3-L1 cells (control cells), L1-a1PV cells, or L1-b1PV cells was isolated using TRIzol (Invitrogen) according to the manufacturer's instructions. To determine NCoR1 expression level, quantitative real-time PCR was performed using a QuantiTect SYBR green RT-PCR kit (Qiagen). The following primers were used. NCoR1 forward:
X-G ZHU and others . TR-mediated adipogenesis is regulated by NCoR1
Western blot analysis
Western blot analysis was carried out as described previously (Ying et al. 2007 , Mishra et al. 2010 . The primary antibodies used in this analysis were anti-Flag mouse monoclonal antibody (M2, 0 . 5 mg/ml, F-3165, Sigma Co.), anti-TR antibody (C4, 1 mg/ml (Bhat et al. 1995) ), anti-PV monoclonal antibody (#302, 2 mg/ml (Zhang et al. 2002) ), anti-mSiah2 antibody (1:1000 dilution, ab72064, Abcam, Cambridge, MA, USA), or anti-GAPDH antibody (1:3000, #2118, Cell Signaling Technology, Danvers, MA, USA), and anti-NCoR1 #1975/1976 antibodies (1:100 dilution). The antiNCoR1 #1975/1976 antibodies were prepared by immunizing the rabbits with keyhole limpet hemocyanin-conjugated peptide corresponding to amino acid residues 2321-2335 of the murine NCoR1 protein (ARRDEGEPSPHAGVC) (Sigma Genosys).
Co-immunoprecipitation assay
For co-immunoprecipitation (Co-IP) of NCoR1, TRs, and mSiah2, cells were treated in the absence or presence of T 3 (2 nM). Cells were extracted with lysis buffer (100 mM Tris, 500 mM NaCl, 10 mM EDTA, and 1% NP-40) in the presence of 1!Halt phosphatase inhibitor cocktail solution (ThermoFisher Scientific, Waltham, MA, USA) and a proteinase inhibitor tablet solution (Complete Mini EDTA-free; Roche Diagnostics). Cellular lysates (each, 600-1000 mg) were immunoprecipitated with 4 mg anti-NCoR1 antibodies (#1975/1976), anti-TR, or anti-mSiah2 antibody, followed by western blot analysis using anti-NCoR1 (#1975/1976), anti-TRs, or anti-mSiah2 antibody to detect NCoR1, TRs, or mSiah2 respectively.
Chromatin immunoprecipitation
The chromatin immunoprecipitation (ChIP) assay was performed according to the manufacturer's instructions and using the commercially available ChIP-IT kit (Active Motif, Carlsbad, CA, USA). Control 3T3-L1 cells and 3T3-L1 cells stably expressing flag-tagged TRa1PV or TRb1PV were induced as described previously (Ying et al. 2007 ). On day 6 after induction of differentiation, chromatin was immunoprecipitated with IgG (control) and anti-NCoR1 antibody (PHQQ; 4 mg/ml, a generous gift from Dr Anthony N Hollenberg, Harvard Medical School). The amplification and analysis of precipitated chromatin DNAs were carried out as described previously (Mishra et al. 2010) .
Statistical analysis
Experiments were performed with three to five replicates. In previous studies using the model cell line of adipogenesis, we found that in 3T3-L1 cells stably expressing equal abundance of TRa1PV (L1-a1PV cells) and TRb1PV (L1-b1PV cells) (Mishra et al. 2010) , the T 3 -stimulated adipogenesis is more severely impaired in L1-a1PV than in L1-b1PV cells. Consistently, the expression of the master regulators, the Pparg and the C/ebpa genes, and the key adipocyte differentiation marker, such as the lipoprotein lipase (Lpl) and aP2 (aP2) genes are more repressed in L1-a1PV than in L1-b1PV cells (Mishra et al. 2010) . Because NCoR1 plays a critical role in TR-mediated gene repression, we reasoned that the differential interaction between NCoR1 and the two TR isoforms might also mediate TR isoform-dependent adipogenesis.
To explore the possibility that NCoR1 could regulate TR isoform-dependent adipogenesis, we compared the NCoR1 protein abundance during adipogenesis of 3T3-L1 cells (control cells), L1-a1PV cells, and L1-b1PV cells. Figure 1A shows that in the absence of T 3 , no significant difference of NCoR1 abundance was observed among the three cell lines on days 1 and 2 after induction of adipogenesis. On day 6, except for a very small reduction of NCoR1 protein abundance in control cells compared with that on day 1 (lane 1, Fig. 1A ), no apparent changes in NCoR1 protein abundance were noted in either L1-b1PV or L1-a1PV cells, compared with the data from day 1 (lanes 2 and 3, Fig. 1A ). In the presence of T 3 , different expression patterns of NCoR1 emerged. Although a similar abundance of NCoR1 was detected in all three cell lines on day 1 after induction (lanes 4-6 on day 1, to show that in the absence of T 3 , no statistically significant differences were detected (bars 1-3, Fig. 1B) , whereas in the presence of T 3 , there were 76, 36, and 3% reductions of NCoR1 protein abundance on day 6 compared with that on day 1 for control, L1-b1PV cells, and L1-a1PV cells respectively (bars 4-6, Fig. 1B) . Therefore, the level of NCoR1 was inversely correlated to the degree of adipogenesis in control cells, L1-b1PV cells, and L1-a1PV cells on day 6 when the cells were differentiated into mature adipocytes as shown in our previous studies (Mishra et al. 2010) . Our data indicated that NCoR1 was not only important for adipogenesis in control 3T3-L1 cells but also critical for TR isoform-dependent adipogenesis in L1-b1PV cells and L1-a1PV cells.
Decreased abundance of NCoR1 is obligatory for the T 3 -stimulated adipogenesis of 3T3-L1 cells To confirm that a decreased level of NCoR1 is critical in the TR isoform-mediated differentiation of preadipocytes to adipocytes, we used lentiviral-mediated siRNA transduction to knock down the expression of NCoR1 in 3T3-L1 cells. As shown in (Mishra et al. 2010) . However, in cells where . The increased adipogenesis in the cells where NCoR1 was knocked down was also apparent as visualized by phase contrast microscopy ( Fig. 3B ; compare panels d with a, e with b, and f with c, for control cells, L1-b1PVcells, and L1-a1PV cells respectively). Quantification of the staining intensities indicated that 2 . 2-, 3 . 1-, and 4 . 4-fold increases in adipogenesis were observed for control, L1-b1PV cells, and L1-a1PV cells respectively, after NCoR1 was knocked down (Fig. 3C ). All together, these findings further support the notion that a decreased abundance of NCoR1 proteins is obligatory for T 3 -stimulated adipogenesis of 3T3-L1 cells. Importantly, NCoR1 protein is differentially correlated with TR isoformdependent adipogenesis.
Regulation of NCoR1 mRNA expression during T 3 -stimulated TR-mediated adipogenesis
To examine whether the downregulation of NCoR1 during adipogenesis resulted from the reduced expression of NCoR1 mRNA, the level of NCoR1 mRNA was determined on days 1, 2, and 6 after induction of differentiation in the absence or presence of T 3 (Fig. 4) . The mRNA expression of NCoR1 was increased during adipogenesis from days 1 to 6 (approximately twofold increase). However, no apparent T 3 effect on mRNA expression was detected on days 1, 2, or 6, and no differences in the mRNA levels were apparent among the three cell lines during adipogenesis. These results showed that the decreased NCoR1 protein abundance observed during adipogenesis (see Fig. 1 ) was not due to the repression of NCoR1 expression at the transcriptional level.
Interaction of TR and NCoR1 in 3T3-L1 cells
Given that NCoR1 mRNA was not decreased in 3T3-L1 cells during adipogenesis, we explored the possibility that the decreased NCoR1 protein levels could be from increased degradation of NCoR1 proteins. Since NCoR1 has been shown to physically interact with TR or TRb1PV , we hypothesized that the differential recruitment of NCoR1 by TRs might be due to the differential degradation of NCoR1 in control cells, L1-b1PV cells, and L1-a1PV cells. Therefore, we ascertained whether the recruitment of NCoR1 by TR mutants was isoform-dependent by using anti-PV-specific monoclonal antibody #302 in matured adipocytes on day 6 after induction of differentiation. This PV-specific antibody recognizes the common mutated sequence in the C-terminal region of TRb1PV and TRa1PV. An interaction of NCoR1 with TRb1PV (lane 5) or TRa1PV (lane 6) was clearly detected (Fig. 5A-a) . Lanes 7-9 of Fig. 5A -a show the negative controls using IgG in the Co-IP. Quantitative analysis indicated that 2 . 0-fold more NCoR1 in L1-a1PV cells was recruited to TRa1PV than that recruited to TRb1PV in L1-b1PV cells (Fig. 5B) . As a positive control, we used a specific monoclonal antibody against the C-terminal sequence of wild-type TR in the Co-IP. A clear signal of NCoR1 was detected in the absence of T 3 (lane 2, Fig. 5A-b ) but much less in the presence of T 3 (lane 3), indicating that NCoR1 was recruited to the wild-type TR to form TR/NCoR1 complexes. Again, such interaction was specific as no signals were detected when irrelevant IgG was used in the immunoprecipitation (lanes 4-5, Fig. 5A-b) .
As shown in Fig. 1 , the level of NCoR1 was downregulated on day 6 after induction of adipogenesis. To exclude the possibility that the greater recruitment of NCoR1 to TRa1PV in L1-a1PV cells than to TRb1PV in L1-b1PV cells is due to different levels of NCoR1 in matured adipocytes on day 6, we also examined the recruitment of NCoR1 in undifferentiated cells (preadipocytes) that have a similar abundance of NCoR1 (Fig. 5C ). An interaction of NCoR1 with TRb1PV (lane 5) or TRa1PV (lane 6) was clearly detected (Fig. 5C-a) . It is important to note that more NCoR1 was associated with TRa1PV than with TRb1PV (compare lane 6 with lane 5, Fig. 5C-a) . Quantitative analysis indicated that 1 . 6-fold more NCoR1 was recruited to TRa1PV in L1-a1PV cells than to TRb1PV in L1-b1PV cells (Fig. 5D ). As expected, no signals were detected in the control cells as these cells express endogenous wild-type TR that was not recognized by the anti-PV antibody (lane 4, Fig. 5C-a) . For positive controls, a specific monoclonal antibody against the C-terminal sequence of wild-type TR was used in the immunoprecipitation, a clear signal was detected (lane 2, Fig. 5C-b) , indicating that in the absence of T 3 , NCoR1 was recruited to the wild-type TR to form TR/ NCoR1 complexes. Again, such interaction was specific as no signals were detected when irrelevant IgG was used in the immunoprecipitation (lanes 7-9, Fig. 5C-a  and lanes 4-5, Fig. 5C-b) . These data indicated that NCoR1 was differentially recruited to TRa1PV and TRb1PV in both undifferentiated and differentiated cells, indicating differential interaction of NCoR1 with TR isoforms.
Regulation of mSiah2 expression during T 3 -stimulated TR-mediated adipogenesis
To understand how NCoR1 protein was decreased during T 3 -stimulated adipogenesis of 3T3-L1 cells, we turned our attention to mSiah2, a mammalian homolog of Drosophila Seven in absentia. mSiah2, by interacting with NCoR1, targets NCoR1 for proteasomal degradation (Zhang et al. 1998) . By targeting NCoR1 X-G ZHU and others . TR-mediated adipogenesis is regulated by NCoR1 for proteolytic degradation, mSiah2 blocks the functional repression of several nuclear receptors, including TR, caused by NCoR1 (Zhang et al. 1998 ). Furthermore, ectopically over-expressed mSiah2 can almost completely abolish the repression activity of NCoR1. These observations prompted us to first examine the expression of mSiah2 at the protein level in control, L1-b1PV, and L1-a1PV cells because its expression is cell-type specific (Zhang et al. 1998) . The western blot analysis shows that in the absence of T 3 , the abundance of mSiah2 protein was increased after induction of adipogenesis on day 1 in three cell lines (compare lanes 4-6 with lanes 1-3, upper panel, Fig. 6A and compare bars 4-6 with bars 1-3, Fig. 6C ). These data show that mSiah2 was expressed in 3T3-L1 cells and that its expression was rapidly increased upon induction of adipogenesis. This correlative sharply increased expression of mSiah2 on day 1 upon induction of adipogenesis raised the possibility that mSiah2 could mediate the proteolytic degradation of NCoR1 protein. We therefore next compared the level of mSiah2 on days 1, 2, and 6 during adipogenesis in the absence (lanes 1, 3 and 5, upper panel, Fig. 6B ) or presence of T 3 (lanes 2, 4 and 6, upper panel, Fig. 6B ) to examine how T 3 increased the degradation of NCoR1 during adipogenesis. As shown in Fig. 6B , in the absence of T 3 , the level of mSiah2 was higher on days 1 and 2 before matured adipocytes could be observed during induction. On day 6 when the adipogenesis peaked, the level of mSiah2 had markedly dropped (upper panel, Fig. 6B ), indicating that the expression of mSiah2 was activated upon induction of adipogenesis and repressed when adipocytes were fully matured. We further ascertained whether T 3 had an additional effect on the expression of mSiah2 during adipogenesis. As shown in Fig. 6B , in control cells, the protein level of mSiah2 was increased by T 3 on days 1 and 2, but this T 3 -induced increase was lost on day 6 in matured adipocytes (see also bar 7, Fig. 6D ). Interestingly, no apparent effect of T 3 on the mSiah2 protein level was detected in L1-b1PV and L1-a1PV cells during adipogenesis (Fig. 6D , compare bars 2, 5, and 8 for L1-b1PV cells and bars 3, 6, and 9 for L1-a1PV cells). The findings that the mSiah2 protein levels were sharply increased upon commencing of adipogenesis, but dropped when adipogenesis was completed, support the notion that mSiah2 could, at least in part, mediate the degradation of NCoR1 during adipogenesis. However, the elevated protein abundance of mSiah2 alone could not fully account for the differential degradation of NCoR1 between L1-b1PV cells and L1-a1PV cells during adipogenesis. Because mSiah2 binds NCoR1 (Zhang et al. 1998) , it is reasonable to propose that differential interaction of NCoR1 with TRb1PV and TRa1PV could affect the mSiah2-mediated degradation of NCoR1, thereby leading to the different extent of loss of NCoR1 protein observed in L1-b1PV and L1-a1PV cells during adipogenesis (See Fig. 1 ). We therefore used Co-IP assays to test this hypothesis. We first determined whether in undifferentiated 3T3-L1 cells the expressed mSiah2 interacted with NCoR1 as shown in other mammalian cell lines such as 293T cells (Zhang et al. 1998) . Indeed, we found that NCoR1 interacted with mSiah2 in control 3T3-L1 cells (lane 4, Fig. 7A ), as well as in L1-b1PV cells (lane 5) and L1-a1PV cells (lane 6). No apparent difference in the extent of interaction between NCoR1 and mSiah2 was discerned among these three cell lines. But it is important to note that such interaction was specific as when a negative control, IgG, was used in the immunoprecipitation, no signals were detected (lanes 7-9, Fig. 7A ).
To confirm that mSiah2 was associated with TR/PVNCoR1 complexes, we used Co-IP to detect mSiah2 protein. Indeed, we found that mSiah2 was detected in the immunoprecipitated proteins with antibody against wild-type TR (lane 5, Fig. 7B ) and antibody against mutant PV in both L1-b1PV cells (lane 6, Fig. 7B ) and L1-a1PV cells (lane 7, Fig. 7B ). These results indicate that mSiah2-NCoR1 can complex with TR, TRb1PV, or TRa1PV. For wild-type TR, in the absence of T 3 , NCoR1 favors the binding to TR, therefore reducing the degradation of NCoR1. In the presence of T 3 , NCoR1 was released from wild-type TR, facilitating the 3 P < 0·04 P < 0·01 P < 0·02 P < 0·004 Td T 3 P < 0·009 P < 0·04
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Day 2 Day 6 degradation of NCoR1 (see Fig. 1A-c) . As the mutant cannot bind to T 3 , the interaction of NCoR1 with either TRb1PV or TRa1PV was less likely disturbed. Thus, the association of mutated TR (i.e. TRb1PV or TRa1PV) with NCoR1 prevents the mSiah2 from targeting NCoR1 for the proteasomal degradation. As more TRa1PV than TRb1PV was recruited to the NCoR1 complex ( Fig. 5A-a and C-a) , NCoR1 is presumably more stabilized by association with TRa1PV. The present data so far have indicated that the loss of NCoR1 favors T 3 -stimulated adipogenesis, and these findings could explain the observation of a stronger inhibition of adipogenesis by TRa1PV than by TRb1PV (see Fig. 3 and Mishra et al. (2010) ). 
L1-β1PV
Cells: 1 2 L1-α1PV L1-β1PV More NCoR1 in L1-a1PV cells than in L1-b1PV cells is recruited to the promoter of the C/ebpa gene One of the direct T 3 target genes during adipogenesis of 3T3-L1 cells is the C/ebpa gene (C/ebpa), which has several TREs in its promoter to interact with TR-coregulator complexes (Menendez-Hurtado et al. 2000) . C/EBPa is one of master regulators in adipogenesis. Previously, we showed that this critical adipogenic gene is more repressed by TRa1PV than by TRb1PV during adipogenesis of 3T3-L1 cells (Mishra et al. 2010) . It is known that association of NCoR1 with unliganded TR leads to repression of genes positively regulated by T 3 (Horlein et al. 1995 , Perissi et al. 2010 . As TRa1PV and TRb1PV have lost T 3 -binding activity, a stronger association of NCoR1 with TRa1PV is expected to lead to a more potent inhibition of T 3 positively regulated genes than TRb1PV does. To assess whether the preferential association of TRa1PV
(versus TRb1PV) with NCoR1 results in stronger recruitment of NCoR1 to T 3 target genes, we performed ChIP assays to examine the recruitment of NCoR1 to the promoter of the C/ebpa gene using antibody directly against NCoR1 protein. Indeed, as shown in Fig. 8A , more NCoR1 in L1-a1PV cells than in L1-b1PV cells was recruited to the promoter of C/ebpa in adipocytes (compare lane 3 with lane 2, Fig. 8A ). There was more binding of NCoR1 to the C/ebpa promoter in L1-a1PV cells than to that in L1-b1PV cells (Fig. 8B) . Collectively, these data indicate that a stronger interaction of NCoR1 with TRa1PV than with TRb1PV results in more stabilized NCoR1-TRa1PV complexes in the promoter and less degradation of NCoR1, thus leading to a stronger repression of critical adipogenic genes such as C/ebpa and thereby more impaired adipogenesis in L1-a1PV cells than in L1-TRb1PV cells. Figure 6 Abundance of mSiah2 protein during adipogenesis. (A) Abundance of mSiah2 protein in control cells, L1-b1PV cells, and L1-a1PV cells without induction or on day 1 after induction of adipogenesis. Cellular extracts were prepared from adipocytes and western blot analysis was carried out using anti-mSiah2 antibody. GAPDH was used as loading controls. The experiments were performed with four replicates in each cell line. (B) Abundance of mSiah2 protein in control cells, L1-b1PV cells, and L1-a1PV cells on days 1, 2, and 6 after induction of adipogenesis in the absence of T 3 (lanes 1, 3 and 5) or in the presence of T 3 (lanes 2, 4 and 6). Cellular extracts were prepared from adipocytes and western blot analysis was carried out using anti-mSiah2 antibody. GAPDH was used as loading controls. The experiments were performed with three replicates for each cell line. 
Discussion
T 3 plays a critical role in the regulation of thermogenesis and maintenance of lipid homeostasis. Two TR isoforms mediate different aspects of T 3 actions in lipid metabolism as recently shown by using loss-of-function approach in vivo . Two knockin mutant mice harboring identical PV mutations in the Thra gene (Thra1 PV mouse) (Kaneshige et al. 2001) or the Thrb gene (Thrb PV mouse) (Kaneshige et al. 2000) display distinct phenotypes in the liver and WAT. WAT mass is reduced in Thra1 PV mice, but not in Thrb PV mice (Ying et al. 2007) . The liver of Thrb PV mice is enlarged with excess accumulation of lipids, but the liver of Thra1 PV mice is decreased in size with scarcity in lipids. These observations indicate that TRa1 and TRb1 differentially regulate lipid metabolism in vivo (Ying et al. 2007 , Araki et al. 2009 ). We found that in 3T3-L1 cells stably expressing equal amounts of TRa1PV cells or TRb1PV, the T 3 -stimulated adipogenesis is more severely impaired in L1-a1PV cells than in L1-b1PV (Mishra et al. 2010) . The availability of these model cell lines provides a powerful tool to explore and understand how TR isoforms differentially regulate adipogenesis. We discovered that the loss of NCoR1 is accompanied by T 3 -stimulated adipogenesis of 3T3-L1 cells. L1-a1PV cells, which had less loss of NCoR1 than did L1-b1PV cells, displayed a more severe impairment in adipogenesis. Thus, this study identified a new regulatory mechanism that underscores the differential regulation of adipogenesis by TR isoforms.
To understand the molecular basis underlying the finding that NCoR1 is more stabilized in L1-a1PV cells than in L1-b1PV cells, we studied the role of a known ubiquitin ligase of NCoR1, mSiah2, in adipogenesis of 3T3-L1 cells (Zhang et al. 1998) . We found that the expression of mSiah2 protein level was rapidly increased at the time when adipogenesis was initiated by induction. mSiah2 formed complexes with NCoR1 similarly in 3T3-L1 cells, L1-a1PV cells, and L1-b1PV cells. However, TRa1PV associated with NCoR1 complexes stronger than TRb1PV did. It is known that ectopic expression of mSiah2 can almost completely abolish the repression activity of NCoR1 (Zhang et al. 1998) . These results prompted us to propose that liganded TR facilitates NCoR1 to be targeted by mSiah2 for degradation during T 3 -stimulated adipogenesis (see Fig. 1 ). In the presence of T 3 , the wild-type TR is released from the NCoR1-TR complex in the promoter of T 3 target genes, resulting in mSiah2-mediated degradation. In contrast, TRa1PV and TRb1PV do not bind T 3 , thereby hindering the mSiah2-targeted degradation of NCoR1. However, TRa1PV was shown to associate with NCoR1 complexes stronger than TRb1PV did. This stronger association resulted in a more potent inhibition of the mSiah2-targeted degradation of NCoR1 than occurred with TRb1PV. At present, the structural basis of the differential interaction of these two TR mutant isoforms with NCoR1 is not clear. These two mutant isoforms have identical C-terminal mutations, but differ in the amino terminal A/B domain. Thus, it is reasonable to speculate that the amino terminal A/B domain of TRa1PV could affect the folding of the tertiary structure such that TRa1PV could interact stronger than TRb1PV with the C-terminal receptor interacting domain of NCoR1. Consistently, we also found that more NCoR1 in L1-a1PV cells was recruited to the TRa1PV-TRE complexes on the promoter of the C/ebpa gene (Fig. 8) .
The more favorable recruitment of NCoR1-TRa1PV to TREs on the promoter of the C/ebpa gene leads to a stronger repression of the C/ebpa gene and more severe impairment of adipogenesis of 3T3-L1 cells than occurs with TRb1PV (see Fig. 3 ). In addition to the PV mutation, two other TRb mutations first isolated from human RTH syndrome patients have been re-engineered as TRa1 mutation constructs and introduced into mice. Unlike the lean mouse phenotype described here for the TRa1-PV mutation, a TRa1-P398H mutation produced visceral adiposity, hyperleptinemia, reduced sensitivity to catecholamine-stimulated lipolysis, and hepatic steatosis (Liu et al. 2003) . These divergent metabolic outcomes may be mediated by divergent mechanisms. The elevated ability of the TRa1-PV mutant to bind NCoR1, as reported here, probably reflects the loss of the normal helices 11 and 12 sequences from this frameshift mutant (Rosen & Privalsky 2009 ). The P398H-TRa1 mutant, in contrast, retains a wild-type helices 11 and 12 sequence and is therefore unlikely to bind or stabilize NCoR1 in the elevated manner seen for the TRa1-PV mutant. Conversely, the hepatic steatosis phenotype described for the TRa1-P398H mutant was shown to reflect, in part, the ability of this mutant to suppress fatty acid oxidation by inhibiting PPARa target gene expression. A third dominant-negative mutant of RTH origin, when expressed as TRa1-R384C in mice, displays a reduced adiposity phenotype that is reversed at 30 8C (Sjogren et al. 2007 ). The TRa-R384C mutant is only a weak inhibitor of PPARa and would not be anticipated to display enhanced NCoR recruitment or protection. It is possible that the TRa1-R384C functions through a yet-to-be discovered mechanism that is presumably also under autonomic influence. Taken as a whole, these experiments indicate that despite their shared ability to mediate RTH syndrome as TRb isoforms, these three mutations possess an underlying heterogeneity in their actions that is unmasked when re-evaluated in the TRa1 context.
Obesity and disorders of lipid metabolism are major health issues. The identification of NCoR1 as a critical regulator of T 3 -stimulated adipogenesis has important implications in disorders of lipid metabolism. In hypothyroidism, TRa1 and TRb1 are unliganded; thus, as shown for TRa1PV and TRb1PV in this study, the unliganded TRa1 could be more strongly associated with NCoR1 than could the unliganded TRb1. The aberrant expression of NCoR1 in target tissues involved in lipid metabolism, particularly in tissue where TRa1 is predominantly expressed, could lead to severe lipidrelated disorders (e.g. WAT (Ying et al. 2007) ). On the other hand, in view of the importance of NCoR1 in T 3 -stimulated TR-isoform-mediated adipogenesis, NCoR1 could be considered as a potential therapeutic target in the abnormalities of lipid metabolism.
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